INTRODUCTION
Cardiovascular disease is a global epidemic responsible for 17.3 million deaths each year (1) . Research into elucidating embryonic development of the heart and the etiology of diseases affecting this complex organ is essential for devising new therapeutic strategies to combat cardiac disease. The heart is a muscular organ made up of a variety of cells including cardiomyocytes (CMs), endothelial cells, smooth muscle cells, fibroblasts, epicardial cells, and endocardial cells. CMs make up about one-third of all of the cells in the heart (2) and are the fundamental work unit responsible for conduction of electrical impulses and contraction of cardiac muscle. The nonmyocyte components of the heart contribute to CM differentiation and proliferation as well as function (2) . For the scope of this Review, we focus on the cell subtypes that constitute the CM fraction of the heart. Structurally, the mammalian heart is divided into four chambersthe right and left atria and the right and left ventricles-together with components of the conduction system that ensure contraction of cardiac muscle (Fig. 1) . Rhythmic contraction and relaxation of the heart ensures proper supply of blood and nutrients throughout the body. Each cycle of cardiac muscle activity is initiated by a specialized group of CMs of the sinoatrial node, situated at the entrance of the right atrium. These cells set the pace and rhythm of the heartbeat and are therefore called pacemaker cells. An electrical impulse generated by the sinoatrial node cells spreads through the atria, causing them to contract. The electrical impulse then travels to the atrioventricular node, where it is delayed, allowing sufficient time for the atria to contract. Then, the electrical activity spreads to the Purkinje (also called His-Purkinje) network, which innervates the muscular ventricular walls, resulting in ventricular contraction and ejection of blood into the pulmonary and systemic circulation.
The electrical activity recorded as an action potential is markedly different between the sinoatrial node, the atria, the atrioventricular node, the ventricles, and the Purkinje network. Any disturbance to this precisely orchestrated conduction process in the heart may lead to fatal arrhythmias. In the past decade, research using animal models has provided insights into the genetics and physiology of the heart. These studies have been complemented by work with cellular models using human pluripotent stem cells (hPSCs) including human embryonic stem cells (hESCs) (3) and human induced pluripotent stem cells (hiPSCs) (4) . These cellular models have provided opportunities to study cardiac differentiation and disease in vitro. As the field continues to progress toward recapitulating complex cardiac disorders and to engineering three-dimensional (3D) models of the heart in vitro, we review our current understanding of regional transcriptional differences in the heart and provide an overview of current protocols for generating different CM subtypes in vitro. Then, we discuss current limitations of cellular models and future prospects for tissue engineering and cardiac regeneration.
TRANSCRIPTIONAL DIFFERENCES CONTRIBUTING TO REGIONAL IDENTITY IN THE HEART
The heart is the first functional organ in the embryo and is morphologically complete by 8 weeks of gestation in humans (5) . The concerted action of a myriad of signaling pathways and transcriptional networks guides the specification of cardiac cell lineages; other excellent reviews present a detailed discussion of this subject (6, 7) . Briefly, two progenitor cell types termed the first heart field and the second heart field contribute to the developing heart (6, 7) . It is now understood that these cardiac progenitor cells are segregated as early as gastrulation and are programmed to contribute to distinct lineages (8) . The first heart field contributes mainly to the left ventricle and parts of the atria of the developing heart. The right ventricle and outflow tract are formed by the addition of cells from the anterior second heart field; the majority of the atrial tissue is derived from the posterior second heart field (6, 7) . In this section, we briefly outline the gene expression differences that confer distinct molecular and functional profiles on atrial, ventricular, and conduction cells that are essential for their diverse physiological roles in the heart.
During the course of cardiac specification and differentiation, selective transcriptional activation or repression in distinct cardiac compartments maintains their identity (Fig. 1) . In human fetal and adult hearts, orphan nuclear transcription factors, COUP-TFI and COUP-TFII, are expressed selectively in the atrial myocardium (9) . In mice, Coup-tfII regulates atrial identity by directly repressing a number of ventricular genes (10) . Also, Sln, a gene involved in calcium cycling in cells, is preferentially expressed in the atrial myocardium.
The expression of Sln mRNA increases progressively in the atria of mice during fetal development and persists in the adult atria (11, 12) . Whereas these genes are expressed in both atrial chambers, expression of homeodomain transcription factor Pitx2 is restricted to the left atrium where it suppresses the sinoatrial node transcriptional program to ensure that pacemaking activity is confined to the right atrium (13) . Members of the hairy-related transcription factor family, Hey1 and Hey2, are also expressed differentially in the cardiac chambers and regulate atrioventricular boundary formation in the heart (14) . Hey1 is expressed in the developing atria and is downregulated at embryonic day (E) 15.5 in mice. Hey2, on the other hand, is expressed in fetal and adult ventricles (15) . Another transcription factor that is exclusive to the ventricles, both in the fetal and adult stages, is the Iroquois homeobox gene Irx4, which controls the expression of chamber-specific myosin heavy chain genes (16) . In addition, the helix-loop-helix transcription factors Hand1 and Hand2 are both expressed in the cardiac crescent (a crescent-shaped structure consisting of heart-forming cells that appears at the onset of cardiogenesis). These transcription factors become progressively restricted to left and right ventricles, respectively, as heart development progresses (17) . Similarly, the molecular signature of the conduction system myocardium distinguishes it from the chamber myocardium, and differences also exist within the components of the conduction system. Several transcription factors such as Shox2, Isl1, Tbx3, and Tbx18 have been shown to be essential for the development and function of the sinoatrial node (18) . Whereas the T box transcription factor Tbx3 is expressed throughout the conduction system, expression of Isl1, Shox2, and Tbx18 is localized to the sinoatrial node. In addition, Tbx3 expression persists in the mature conduction system. Isl1 is expressed in second heart field progenitor cells, but as development proceeds, its expression is confined to the sinoatrial node and declines gradually in the postnatal heart. The homeodomain transcription factor Shox2 is expressed in the sinus venosus and the sinoatrial node region of the developing heart. Last, the transcription factor Tbx18 is expressed in mesenchymal precursor cells, which give rise to sinoatrial node myocardium; Tbx18 expression persists in the head region of the sinoatrial node. In the developing atrioventricular canal, Bmp2 is specifically expressed early on and is required for the activation of Tbx2 and Tbx3 in this region (18) . On the other hand, expression of Pcp4, a gene involved in the regulation of CaMKII activity, is restricted to the ventricular conduction system (19) .
Along with transcription factors and structural markers, a number of ion channels are differentially expressed in CM subtypes accounting for their differences in electrical function (20) . Hcn4, encoding an inward current (I f ) ion channel, is initially expressed in first heart field progenitor cells, but as development progresses, its expression becomes predominant in components of the conduction system, particularly the sinoatrial node and the atrioventricular node (21) . HCN4 expression has also been reported in the fetal and adult sinoatrial node of the human heart (22, 23) . In the atria, genes encoding potassium channels such as KCNA5, KCNJ3, and KCNJ5 are preferentially expressed. KCNA5 encodes the K v 1.5 ion channel, whereas KCNJ3 and KCNJ5 encode the Kir3.1 and Kir3.4 ion channels, respectively. K v 1.5 ion channels conduct the ultrarapid delayed rectifier potassium current I Kur . Kir3.1/3.4 ion channels form heteromeric complexes that conduct the acetylcholine-activated current I K,ACh (24, 25) ; potassium currents I K1 , I Kr , and I Ks predominantly, although not exclusively, occur in the ventricles (26) . The inward-rectifier potassium current I K1 is conducted by Kir2.1 channels encoded by the KCNJ2 gene, whereas alpha subunits of the delayed rectifier potassium currents I Kr and I Ks are mediated by K v 11.1 channels encoded by the KCNH2 gene and K v 7.1 channels encoded by the KCNQ1 gene ( Fig. 1) (26) . Transmural (subendocardial, midmyocardial, and subepicardial) heterogeneity in ventricular action potentials has been observed and attributed to differential expression of various ion channels within the ventricular myocardium (27) . Last, in Purkinje cells, the gene Scn10a encoding the Na v 1.8 channel is highly expressed (28) .
DIFFERENTIATION OF PLURIPOTENT STEM CELLS INTO CM SUBTYPES
Reproducing the molecular and functional profiles of specialized CM subtypes in vitro is needed (i) to increase our understanding of 
developmental programs involved in lineage specification and (ii) to establish models that faithfully recapitulate in vivo cell types with applications in cardiac toxicity drug testing cardiac toxicity and regenerative medicine. Since the introduction of the first protocols to coax hPSCs to differentiate into CMs in vitro (29, 30) , many advances have been made that enhance the efficiency of this process. Recent techniques have introduced more refined small molecule-based strategies to generate greater percentages of CMs from hPSCs (31) (32) (33) . In addition, methods have been introduced to enable purification of hPSC-derived CMs from other cell types. The use of a mitochondrial dye called TMRM (tetramethylrhodamine methyl ester) for enriching CMs in hESCderived cultures has been demonstrated (34) . When stained with TMRM or other mitochondrial dyes, embryonic and neonatal rat CMs, CMs from whole rat hearts, and hESC-CMs showed a higher fluorescence intensity compared with non-CMs, allowing for successful separation (34) . Furthermore, using a hESC reporter cell line expressing enhanced green fluorescent protein (eGFP) under the control of a key CM gene, NKX2.5 (NKX2.5-eGFP), a combination of cell surface markers (VCAM1 and SIRPA) were identified; these markers are now widely used for efficient purification of hPSC-derived CMs from other cell types (35, 36) . Other genetically modified reporter cell lines targeting promoters of cardiac genes have also been described for separation of CMs in vitro; applications of these reporter cell lines are discussed in detail elsewhere (37) . In a different approach, intrinsic differences in glucose and lactate metabolism between CMs and non-CMs have been exploited to aid in nongenetic purification of CMs (38) . This method does not require fluorescence-activated cell sorting (FACS) for separation of CMs, thus facilitating the preparation of clinical-grade cells for therapeutic applications. Similar to the method using cell surface markers, metabolic-based CM purification techniques can be applied to different hPSC lines. Despite these advances for efficient generation and purification of CMs, most of the current protocols result in a heterogeneous mix of various cardiac subtypes, with ventricular-like CMs being the predominant cell type. Recent efforts have therefore focused on devising methods to generate different CM subtypes from hPSCs ( Table 2 ). We and others have shown that retinoic acid drives differentiation of PSCs into atrial-like CMs (9, 39) . We have extensively characterized the resulting atrial-like CMs and have reported that they respond to atrial-specific ion channel blockers. Thus, these cells are a valuable tool for preclinical testing of drugs for treating atrial fibrillation (9) . In another study, the bone morphogen protein (BMP) receptor antagonist Gremlin2 also enhanced differentiation of mouse ESCs (mESCs) into an atrial-like phenotype (40) . Directed differentiation protocols have also been developed for generation of ventricular-like CMs from hPSCs. Inhibition of retinoic acid signaling (39) or canonical Wnt signaling (41) during differentiation of hPSCs into CMs has been shown to result in a relatively homogeneous population of ventricularlike CMs.
For the generation of pacemaker-like cells, several approaches including overexpression of key transcription factors, such as Tbx3 or Shox2, have yielded promising results (42, 43) . Differentiation of mESCs overexpressing human TBX3 resulted in a higher percentage of pacemaker-like embryoid bodies (EBs) upon differentiation (42) . Seeding of these induced pacemaker-like EBs on ventricular 
Purkinje cells
Longer action potentials with a more negative plateau phase; prominent I to current compared to ventricular CMs slices of murine hearts ex vivo resulted in increased beating rates of the slices compared to those cocultured with control EBs. Alternatively, overexpression of human SHOX2 during differentiation of mESCs favored a sinoatrial node gene expression program (43) . The resulting cells exhibited increased beating rates in vitro and were able to pace mouse hearts subjected to a complete heart block, where electrical impulses from the atria are blocked by the atrioventricular node and fail to reach the ventricles. In another approach, our group has shown that inducing MYC expression in differentiating hPSCs and subsequent addition of a cocktail of mitogens and small molecules maintained cells in a proliferative progenitor cell state (44) . Furthermore, modulating fibroblast growth factor and BMP signaling in these cardiac progenitor cells resulted in distinct precursor cell populations, which could be further differentiated toward sinoatrial nodelike CMs or other CM subtypes. Although the above-mentioned studies exemplify potential strategies for the derivation of pacemaker cells in vitro, they involve genetic manipulation. Therefore, growth factorbased or small molecule-based approaches that can be applied over a wide range of cell lines would be superior; two such methods have been reported. The first method uses modulation of neuregulin/ErbB signaling during hESC differentiation to regulate the ratio of nodal versus chamber myocardial-like cells (45) . Nodal-like cells in culture were identified using a chicken GATA6-GFP promoter-enhancer reporter construct, which labels the atrioventricular node and atrioventricular bundle in the adult heart (46). Therefore, nodal-like cells generated in this study may resemble the atrioventricular node or atrioventricular bundle; however, additional characterization is necessary to define their precise molecular and functional profiles. The second method involves a two-step protocol for efficient generation of sinoatrial node-like cells (47) . Cardiac mesoderm was formed from hPSCs using a low concentration of Activin A and BMP4, and then was treated with a low concentration of BMP4 and a high concentration of retinoic acid to generate functional sinoatrial node-like cells (47) . These sinoatrial node-like CM clusters were able to pace ventricularlike CM monolayer cultures in vitro. These clusters were also transplanted into rat hearts and then were analyzed ex vivo 2 weeks after induction of transient atrioventricular block. Ectopic electrical activity originating from the graft site was observed in the rat ventricles, reflecting the pacemaking potential of the sinoatrial node-like CMs generated in this study.
Congenital histiocytoid cardiomyopathy
Last, cardiac Purkinje cells derived from in vitro differentiation of mESCs were efficiently purified using a contactin2:egfp reporter line (48) . Furthermore, a small-molecule screen carried out on differentiating mESCs marked by CCS-lacZ (a reporter that labels the developing and mature cardiac conduction system) or contactin2:egfp demonstrated that sodium nitroprusside, used as a potent vasodilator, efficiently directed differentiation of mESCs toward a Purkinje cell phenotype and did so by activating cyclic AMP (adenosine 3′,5′-monophosphate) signaling (49) .
PATHOLOGIES AFFECTING SPECIFIC CM SUBTYPES
A number of cardiac diseases originate in or are localized to specific cell types of the heart. Here, we briefly summarize some of these disorders and also discuss current developments regarding modeling these diseases with hPSCs in vitro.
Diseases of the sinoatrial node resulting in sinus node dysfunction are the major reason for implanting pacemakers in North America and Western Europe (1) . Sinus node dysfunction is characterized by abnormal electrical impulse initiation or propagation by the sinoatrial node and involves conditions such as sinus bradycardia, sinus arrest, chronotropic incompetence, sinoatrial block, and bradycardia-tachycardia syndrome. The term "sick sinus syndrome" is commonly used to refer to the variety of symptoms associated with sinus node dysfunction. Aging remains a major risk factor for malfunction of the sinoatrial node owing to structural remodeling of atrial tissue accompanied by declining expression of the Ca v 1.2 ion channel (50). However, sporadic cases of congenital sinus node dysfunction, caused by mutations in genes encoding ion channels such as SCN5A or HCN4, have also been reported (51) . In vitro hPSC-based disease models of sinus node dysfunction have not been developed thus far because of lack of robust protocols for generating pacemaker-like cells. However, the protocols discussed above (44, 47) can now be used for the derivation of patient-specific sinoatrial node-like CMs.
Atrial fibrillation is marked by increased pace and quivering of the atrial chambers in an irregular pattern. It is the most common arrhythmia encountered by physicians in the clinic, and an estimated 13 million people suffer from this disease in the United States and Europe (1) . Untreated atrial fibrillation can be life-threatening and predisposes patients to stroke, heart failure, or even sudden death. Risk for atrial fibrillation increases with age. However, mutations in ion channel genes, particularly myocardial potassium ion channel genes, such as KCNA5, KCNE2 and KCNQ1, or the sodium channel gene SCN5A, have been implicated in familial atrial fibrillation (52) . In addition, genome-wide association studies have identified a number of single nucleotide polymorphisms associated with atrial fibrillation, particularly at the 4q25 locus that is in close proximity to the PITX2 gene (52) . Given that protocols have now been devised for driving differentiation of hPSCs into atrial-like CMs (9, 39) , modeling atrial fibrillation in vitro is now possible. In a recent study, the authors modeled atrial fibrillation by subjecting sheets of hESCderived atrial-like CMs to rapid external pacing in order to induce reentry, an aberrant electrophysiological mechanism responsible for perpetuation of atrial fibrillation (53) . The next step will be to generate advanced cellular models of atrial fibrillation that use atrial CMs and non-CMs such as fibroblasts, a cell type that is widely implicated in pathophysiology of this disorder. Pathological conditions affecting the atrioventricular node include atrioventricular conduction block or atrioventricular nodal reentrant tachycardia (1) . The atrioventricular node is responsible for delaying the electrical impulse from the atria before it passes to the ventricles. It can also act as an accessory pacemaker in the event of sinoatrial node failure. Atrioventricular block results in obstruction of electrical impulse propagation from the atria to the ventricles. Atrioventricular nodal reentrant tachycardia, on the other hand, is the result of slow and fast electrophysiological pathways present in the atrioventricular node that lead to a reentry circuit. The electrical impulses thus self-perpetuate in the atrioventricular node, becoming the focal point of heart rate and rhythm and causing the atria and ventricles to contract rapidly. Modeling diseases of the atrioventricular node in vitro is complex due to lack of knowledge about how to direct differentiation toward an atrioventricular node-like cell phenotype. A model using multiple cell types such as sinoatrial node-like cells, atrial-like cells, and atrioventricular node-like cells would be useful for studying impulse propagation among these cell types and the mechanisms leading to atrioventricular block and reentry.
Numerous disorders affect the physiology and functioning of the cardiac ventricles. Ventricular tachyarrhythmias including ventricular fibrillation and ventricular tachycardia are the most frequently reported cardiac arrhythmias leading to sudden cardiac death. Multiple mechanisms, such as reentry, abnormal automaticity, or triggered activity in the ventricular myocardium, may underlie ventricular tachyarrhythmias. Cardiomyopathies, classified as dilated or hypertrophic, affect ventricular contraction and function. Systolic dysfunction and enlarged ventricular chambers characterize dilated cardiomyopathy. In hypertrophic cardiomyopathy, systolic and diastolic dysfunction is evident and is accompanied by thickening of the ventricular wall. Patients with dilated cardiomyopathy or hypertrophic cardiomyopathy are at increased risk for ventricular arrhythmias and heart failure.
Salient features of a few diseases where a phenotype is evident in ventricular-like CMs have been successfully recapitulated in vitro using hPSC-derived CMs. It has been particularly advantageous to study ion channel mutations using hPSC models due to the availability of an electrophysiological readout to assess the disease. CMs derived from hiPSCs have been generated to study various cardiac diseases affecting ventricular function including long QT syndrome (54-57), Brugada syndrome (55), catecholaminergic polymorphic ventricular tachycardia (58, 59), arrhythmogenic right ventricular cardiomyopathy (60), LEOPARD syndrome (61), dilated cardiomyopathy (62), hypertrophic cardiomyopathy (63, 64) , and hypoplastic left heart syndrome (65) .
As for cardiac Purkinje cells, their involvement in triggering arrhythmias has been reported in various cases of genetic and acquired cardiac rhythm disorders. Moreover, a congenital cardiomyopathy syndrome termed histiocytoid cardiomyopathy, which is attributable to defects in Purkinje cell development (66) , has been identified in human patients. The recent discovery of methods to isolate Purkinje cells from mESC-derived CM cultures (48, 49) 
Although the ability of hiPSC-derived CMs to reproduce disease phenotypes in vitro has been demonstrated clearly, complex pathophysiological conditions involving multiple cardiac cell types have not yet been modeled. Knowledge of how to guide differentiation of hiPSCs into enriched populations of atrial-like, ventricular-like, or nodal-like cells and advances in tissue engineering will enable the modeling of cardiac disorders specific to certain subtypes.
ASSEMBLING A HEART IN VITRO
Although protocols are now emerging for directed differentiation of hPSCs into a variety of cardiac subtypes in vitro, there are a number of challenges that need to be overcome before the full potential of these cells for drug discovery/screening and regenerative medicine is realized.
The importance of generating right/left CM subtypes
Protocols addressing the derivation of right and left CM subtypes are needed to advance in vitro modeling of the heart. For example, one of the major sites of initiation of atrial fibrillation lies in the myocardium of the pulmonary sleeve of the left atrium. In a canine model of rapid atrial pacing, left atrial activation was reported to be more arrhythmogenic than right atrial activation (67) . Although it has been demonstrated that the myocardial connection between the left atrium and pulmonary sleeve is a preferred site of atrial fibrillation onset (68), it is not clear whether intrinsic transcriptional and functional differences between right and left atrial CMs alter their susceptibility to arrhythmias. Genetic variants in close proximity to the left atrial gene PITX2 on the 4q25 locus have been linked to atrial fibrillation. PITX2 expression is reduced in patients with chronic atrial fibrillation (69), and mice heterozygous for Pitx2 have an increased susceptibility to arrhythmias (13) . Similarly, the right and left ventricles also exhibit physiological differences and have distinct embryological origins. In the postnatal heart, right and left ventricles operate under different mechanical loads. Left ventricular dysfunction has been well studied in the context of myocardial ischemia or cardiomyopathies, but little is known about molecular and cellular mechanisms that contribute to right ventricular dysfunction. In mice,  1 adrenergic receptor stimulation evoked contrasting ionotropic responses from right and left ventricular trabeculae (70) . Also, exposure to chronic high-altitude hypoxia resulted in differential gene expression changes in the right and left ventricles of humans (71) . These studies point to innate differences between the left and right ventricular chambers that need to be investigated with relevant in vitro models.
Purification of CM subtypes
Another shortcoming of current in vitro protocols is the lack of specific markers to distinguish cardiac subtypes in culture. This is especially important given that most directed differentiation protocols merely enrich for a certain CM subtype rather than yielding homogeneous cell populations. In combination with approaches for the isolation of hPSC-derived CMs discussed above, strategies to specifically select for atrial, ventricular, or nodal cells would be valuable. A few methods that are useful for enriching CM subtypes in culture are outlined below.
A hiPSC line expressing SLN-tdTomato was shown to be useful for purifying atrial-like CMs in culture. Cells with higher expression of tdTomato fluorescence resembled atrial CMs by molecular and functional analysis (72) . SLN is expressed uniformly in both atrial chambers and would therefore be suitable for purification of right and left atrial-like cells. More recently, we demonstrated the value of a dual COUP-TFII-mCherry/NKX2-5-eGFP hESC reporter line for the identification and purification of atrial-like CMs (73). We and others (8) have previously shown that COUP-TFII is preferentially expressed in the atrial myocardium, and in conjunction with the CM marker NKX2.5, atrial and ventricular CMs can be efficiently separated in hPSC-derived CM cultures. Similarly, the use of a transgenic MLC2V-eGFP hESC line to enable purification of CMs from in vitro cultures has been reported (74) . A 250-base pair promoter fragment of MLC2V that is highly active in the cardiac ventricles was coupled to eGFP and stably expressed in hESCs by lentiviral transduction. CMs expressing eGFP could then be purified by FACS for downstream applications once the MLC2V promoter became active during cardiac differentiation of hESCs. However, MLC2V expression has been reported to be low in differentiated CMs and only increases with time in culture (32) . Therefore, this approach may only be suitable for sorting CMs maintained under long-term culture conditions. Although the above strategies enable isolation of atrial or ventricular cells, they require the genetic modification of hPSC lines. Antibodies directed at cell surface antigens selective for each CM subtype would be ideal for isolation of specific cardiac cell types from different hPSC lines.
More recently, a label-free, noninvasive technique that identifies cardiac subtypes based on their intrinsic spectral differences identified by Raman spectroscopy has been reported (75) . Although this is an innovative approach, it may not be ideal for accurate separation of hPSC-derived atrial or ventricular CMs. hPSC-derived CMs have an immature phenotype, which is reflected in their molecular signature. For example, the atrial myosin light chain isoform MLC2A and the atrial natriuretic factor NPPA are expressed throughout the heart during early development and only become selectively expressed in the atria at later stages of development (76) . Therefore, although the molecular signature and spectral signals of early differentiated hPSC-derived CMs may be indicative of an atrial-like identity, they may not display the same properties at later time points. Stage-specific analysis of the molecular composition of various CM subtypes and their spectral properties during differentiation will be necessary before Raman spectroscopy can be applied successfully to in vitro hPSCderived CM cultures. Furthermore, technical improvements are required be able to use Raman spectroscopy for routine high-throughput cell sorting procedures.
To enable purification of nodal cells, CD166 has been proposed as a marker for the isolation of presumptive pacemaker cells. CD166 is expressed on mESC-derived progenitor cells that progressed to become functional sinoatrial node-like cells (77) . However, an earlier study reported the expression of CD166 in hESC-derived CMs (78); after FACS sorting, these cells gradually lost NKX2.5 expression and displayed increased rates of proliferation, suggesting that CD166 may be useful for sorting immature CMs. Therefore, additional studies are required to assess the possibility of using this marker for identifying pacemaker cells in hPSC-derived CM cultures. Alternatively, pacemaker cells could be sorted on the basis of surface expression of the ion channel HCN4. Notably, during embryonic development, HCN4-positive cells were identified as the first heart field progenitor cells (21) . Therefore, this marker may only be suitable for isolating fully differentiated CMs at later stages of differentiation.
Improving the maturity of hPSC-derived CMs
One of the limitations hindering the use of hPSC-derived CMs for translational medicine is their immature phenotype. Structurally, hPSC-derived CMs lack T-tubules and have an underdeveloped apparatus for cycling calcium ions (79) . At the electrophysiological level, they show a more depolarized resting membrane potential and a slower upstroke velocity (80) . The force of contraction generated by hPSC-derived CMs is weaker than that of human fetal CMs from the second trimester (81) . Moreover, as in embryonic CMs, hPSCderived CMs prefer glycolysis for energy production in contrast to adult CMs, which rely on oxidative phosphorylation with fatty acids as a predominant substrate (82, 83) .
Several methods have been proposed to improve maturation of hPSC-derived CMs (Fig. 2) . Treatment of hiPSC-derived CMs with tri-iodo-l-thyronine (T3) for 1 week in culture led to an increase in cell size and force of contraction (84) . In vivo, myocardial cells receive a variety of paracrine signals from the endocardium and the epicardium. In particular, neuregulin 1 (NRG1), insulin-like growth factor 1 (IGF1), and Notch signaling have been shown to be crucial for the maturation of the ventricular chambers (85) . In line with this, a recent study demonstrated a favorable effect on the maturity of hPSCderived CMs by coculturing them with endothelial cells (Fig. 2) . The observed effect was attributed to the up-regulation of a set of microRNAs shown to target the ErbB4 receptor (86) . Given that microRNAs act on thousands of target mRNAs, it is likely that the improved maturity of hPSC-derived CMs elicited by coculture with endothelial cells may have been mediated by more than one target gene. Moreover, NRG1 release from the endocardial endothelium and subsequent activation of ErbB2/4 receptors present on CMs are known to play a role in ventricular maturation (85) . Another study identified up-regulation of the let-7 microRNA in long-term hESCderived CM cultures and also found that overexpression of the let-7 microRNA family enhanced structural, functional, and metabolic properties of hESC-derived CMs, possibly by acting upon target genes involved in the PI3K (phosphatidylinositol 3-kinase)/AKT/ insulin signaling cascade (87) . Addition to the culture medium of insulin and dexamethasone in combination with 3-isobutyl-1-methylxanthine (60) or T3 (63) improved the metabolic characteristics of hPSC-derived CMs.
Alternatively, applying cycles of mechanical stress to PSC-derived CMs or cardiac progenitor cells in 3D culture enhanced expression of structural proteins associated with maturity and improved the force of contraction (Fig. 2) (88) . Electrical stimulation of hiPSCderived CMs in 3D culture also improved ultrastructural and electrophysiological properties associated with CM maturation (89, 90) . Although these studies suggest that 3D culture conditions have a 7 of 13 beneficial effect on CM maturation, additional physical and chemical cues to recreate the in vivo cardiac niche would promote overall maturity of hPSC-derived CMs.
THE PROMISE OF TISSUE ENGINEERING
Before we discuss the various tissue engineering approaches for building a heart in vitro, we need to consider the properties of non-CM cell types in the heart. Assembling various CM subtypes and non-CM cell types in vitro would provide the opportunity to mimic the microenvironment of the heart. Such an approach would be useful for many applications including drug efficacy/safety testing and modeling of patient-specific diseases, particularly those affecting the structure and morphology of the heart. As discussed, CMs constitute 30% of the cells in the mammalian heart, with the remainder comprising nonmyocyte cells. A study of adult mouse and human hearts showed that endothelial cells comprise about 50% of the heart, whereas fibroblasts comprise <20% of the heart (91). Like CMs, cardiac endothelial cells are derived from the mesodermal germ layer; they are vital transporters of oxygen and nutrients as well as important modulators of vasomotor tone. In addition, paracrine action by endothelial cells through endothelin-1 underlies Purkinje cell differentiation in vivo (92) . Epicardial cells are formed from a distinct tissue called the proepicardial organ during heart development and then migrate to envelop the entire surface of the heart. Notably, epicardial cells undergo an epithelial-tomesenchymal transition, forming fibroblasts and coronary vascular smooth muscle cells in the heart. In addition, activation of epicardium in response to cardiac insults and subsequent release of paracrine factors, such as retinoic acid, is crucial for mitigating myocardial damage and for promoting tissue repair (93) . The epithelial-to-mesenchymal transition of epicardial cells contributes to the fibroblast lineage of the heart, although other sources such as endothelial cells, particularly under disease conditions, have been reported (94) . Fibroblasts provide structural support to the heart through synthesis of extracellular matrix and also ensure propagation of electrical impulses by physically insulating the atria from the ventricles. The paracrine function of fibroblasts mediated by  1 integrin signaling has been shown to promote CM proliferation in the embryonic mouse heart (95) . Recently, protocols have been devised to generate endothelial cells, smooth muscle cells, and epicardial cells from hPSCs (96) (97) (98) (99) (100) . In vitro studies to explore the interactions among hPSC-derived CMs and endothelial cells, smooth muscle cells, and epicardial cells derived from hPSCs should now gain momentum.
We will now discuss some of the current tissue engineering approaches for generating heart tissue in vitro. A variety of biomaterial scaffolds and substrates have been used to engineer heart tissue in vitro from different cell sources including hPSC-derived CMs (Fig. 3) . The most widely studied constructs for seeding CMs use a hydrogel system comprising collagen and Matrigel (101, 102) or use fabricated scaffolds composed of biodegradable elastomers such as poly(glycerol sebacate) (103) . The advantage of this system is the possibility for miniaturization and automation of heart tissue generation, which would be particularly useful for drug screening assays. Studies have also reported the design of vascularized engineered heart tissue constructs from hPSC-derived CMs (104) (105) (106) . Moreover, recent reports suggest that hPSC-derived CMs in engineered heart tissue constructs display improved sarcomeric organization (107, 108) and functional properties (108) . Chronic electrical stimulation of these engineered heart tissue constructs in vitro further improved their maturity and function (109) .
Another strategy to create engineered heart tissue in vitro is to use decellularized whole hearts while leaving the vasculature intact (Fig. 3) (110-112) . Proof of principle that this method could successfully produce engineered heart tissue was first demonstrated in decellularized rat hearts (110); more recently, it has also been successfully shown for human heart tissue. An acellular human heart scaffold was repopulated with hiPSC-derived CMs to create human heart tissue in vitro (111) . In another study, multipotent KDR low /c-Kit − cardiac progenitor cells derived from hiPSCs were injected into decellularized mouse hearts (112) . These mouse hearts exhibited spontaneous contractions 20 days after perfusion with the cells, and an electrocardiogram could be recorded, albeit with an irregular wave pattern indicating a lack of synchronous conduction. This study noted an effect of extracellular matrix on CM commitment. The CMs populating the atria expressed more MLC2A and SLN and less IRX4 compared to CMs populating the ventricles (112) . Implanting appropriate CM subtypes into a heart framework with preserved chamber geometry is an interesting approach, but infusing the decellularized heart matrix with hPSC-derived atrial or ventricular CMs at the desired location and maintaining their viability are likely to be challenging. Also, this method would be less suitable for application in automated preclinical screening assays. Nonetheless, this approach may be of value for modeling the pressure-volume relationship of the heart, studying multicellular phenotypes in cardiac diseases and investigating overall physiological function and cell maturation in an in vitro setting. Generating 3D organoids from hPSCs is now an exciting area of research, and protocols for derivation of cerebral, gastric, intestinal, kidney, and liver organoids have been reported (113) . Generation of organoids from hPSCs requires a stage-specific differentiation protocol recapitulating endogenous development. The resulting 3D tissue has been reported to contain self-organizing clusters of multiple cell types similar to in vivo organs. Methods to generate organoids comprising various CM subtypes along with endothelial cells, smooth muscle cells, and fibroblasts would be useful for understanding interactions among cell types. Given that hPSCs cultured as EBs with appropriate growth factors generate a mixture of atrial, ventricular, and nodal cells, it seems feasible to generate heart organoids as 3D aggregates. However, a key step is the production of subtype-specific cardiac progenitor cells and their spatial organization in a 3D construct to obtain organoids with similar ratios of atrial, ventricular, and nodal cells as in native heart tissue.
Methods integrating biophysical techniques now make it possible to engineer 3D structures of living cells to facilitate construction of functional organs. One such technology that is revolutionizing the field of medicine is 3D printing. It has already been successfully used for the production of medical devices such as implants and prostheses (114) . Recent advances have enabled the application of this technique for printing living tissue (termed 3D bioprinting). A new method using a thermoreversible support bath to enable hydrogelbased fabrication of complex anatomical structures has been used to print a 3D chicken heart (115) . Alginate hydrogel has been used for 3D bioprinting of hiPSCs and their subsequent differentiation into hepatocyte-like cells to produce miniature livers in vitro (116) . In the future, hPSC-derived CMs could be layered to reproduce the 3D architecture of the heart, and microfluidics could be used to simulate blood flow in the tissue. Exciting improvements are already underway in 3D bioprinting technologies that will facilitate fabrication of human-scale constructs with a mosaic of desired cell types achieved through multidispensing modules and integrated microchannels for delivery of nutrients to the cells (117) .
To take this technology to the next level, it is crucial to devise methods to generate mature CM and non-CM cell types in combination with specific selection procedures. This will enable construction of robust heart models where addition of different cell types can be precisely controlled. Fabricating advanced 3D multicellular mini organs will be valuable for studying cardiac physiology. Integrating bioengineering technologies with microfabrication, microfluidics, electronics, and nanotechnology to build miniature human tissues, so-called organ-on-a-chip models, will accelerate our understanding of human disease and our ability to rapidly screen potential new drugs (118) .
TOWARD REGENERATIVE MEDICINE
The potential to generate hPSC-based tissues with a morphology and architecture that resemble the native organ will also have a major impact on regenerative medicine. In the past decade, there has been (Left) Engineered heart tissue can be generated by growing hPSC-derived CMs in a hydrogel system. (Middle) Engineered heart tissue has been generated from decellularized rat, pig, or human hearts that formed scaffolds, which were then repopulated by cardiac cells derived from hPSCs. (Right) In the future, hPSC-derived cardiac progenitor cells or cardiac cell subtypes will be bioprinted onto a three-dimensional (3D) heart scaffold to generate mini hearts in vitro.
remarkable interest in the potential use of hPSC-derived CMs for cardiac repair. The most valuable CM subtype for applications in regenerative medicine is a ventricular-like cell, given that congestive heart failure caused by, for example, diabetes, pulmonary hypertension, or coronary artery disease frequently leads to ventricular dysfunction. A number of studies have tested the potential of hPSC-derived CMs for heart repair. Transplantation of hPSC-derived CMs into damaged hearts of small animal models has demonstrated that the transplanted cells engraft in the host myocardium and may improve function, at least temporarily (119) (120) (121) . Human engineered heart tissue constructs transplanted into infarcted rodent myocardium in vivo showed engraftment and long-term survival but did not lead to any notable functional improvement (122) . A study performed in monkeys with induced ischemia-reperfusion injury examined the effects of injecting 1 billion hESC-derived CMs into the infarcted myocardium; the investigators found that the hESC-derived CMs induced remuscularization of large areas of damaged tissue (123) . Despite this encouraging finding, this study also reported the occurrence of arrhythmias after injection of hESC-derived CMs into the monkey heart, although these were not life threatening. These findings reiterate the need for improved protocols to enable application of hPSC-derived CMs for regenerative therapies. In other recent developments, the prospect of using hPSC-derived cardiac progenitor cells for cardiac repair has been tested. One study demonstrated a favorable effect of transplanting hESC-derived cardiac progenitor cells (124) into a patient with severe heart failure (125) . Cardiac progenitor cells expressing SSEA1 and ISL1 (124) were embedded in a fibrin scaffold and delivered surgically to the infarcted area of the patient. An improvement in left ventricular ejection fraction was noted at 3 months after transplantation, and the beneficial effect was sustained for 6 months after transplantation. The patient showed no arrhythmias, tumor formation, or immune rejection. Despite this encouraging finding, randomized controlled clinical trials with long-term follow-up need to be conducted, and mechanisms leading to improved function need to be elucidated before any conclusions can be drawn about the effectiveness of this therapy. In a similar approach, multipotent hESC-derived cardiac progenitor cells coexpressing kinase insert domain receptor (KDR) and plateletderived growth factor receptor  (PDGFR) were transplanted into infarcted rodent myocardium (126) . Subsequent analysis of the graft suggested that human cardiac progenitor cells expressing KDR and PDGFR differentiated primarily into CMs in vivo; an improvement in systolic function was observed comparable to that of infarcted rat hearts transplanted with hESC-derived CMs. Although the differentiation potential of KDR-positive mesodermal cardiac progenitor cells to CM and endothelial cell lineages has been demonstrated (127) , transplantation of these cardiac progenitor cells into infarcted rat heart did not result in improved vascularization of the graft compared to hESC-derived CMs. Moving forward, the success of cell transplantation approaches to rescue heart failure will depend on the identification of the right cell type (cardiac progenitor cells versus CMs) to improve ventricular function. Also, care should be taken to avoid heterogeneity in the cell preparations (for example, nodal-like cells) to prevent arrhythmias.
Apart from heart failure, hPSC-derived CM subtypes would also be valuable for the treatment of congenital heart disease. Congenital heart disease has been documented in six to eight cases per 1000 live births each year with septal defects (atrial, ventricular, or atrioventricular) being the most commonly encountered (1). Pediatric surgery, and often multiple surgeries, may be required to correct complex structural abnormalities. Currently used xenografts or homografts obtained from human cadavers are not optimal (128); thus, engineered grafts composed of hPSC-derived CM subtypes may be a promising alternative. The challenge, however, is to identify the right combination of cell types (for example, CMs, endocardial cells, etc.) to populate the grafts, which should also have the capacity to integrate and remodel with the growing heart of the recipient.
Finally, hPSC-derived sinoatrial node-like CMs would be immensely valuable as a biological pacemaker for the treatment of sinus node dysfunction. With the recent introduction of a growth factor protocol for the generation of sinoatrial node-like CMs (47) , it would be interesting to test the functionality of these cells in large animal models of sinus node dysfunction. It is important to realize that the site of transplantation in the host myocardium (atrial versus ventricular) and autonomic innervation in the region may greatly influence homing of the sinoatrial node-like CMs and ultimately will determine the pacemaker function of these cells in vivo.
Many hurdles need to be overcome before clinical trials can be initiated to evaluate the use of hPSC-derived CMs for regenerative medicine. Foremost, efficient production and purification of appropriate cardiac cell types with improved maturity and compliant with good manufacturing practices are essential prerequisites for realizing the potential of hPSC-derived CMs for heart repair.
CONCLUSIONS
Recent advances in stem cell biology have enhanced our understanding of cardiac differentiation and disease. Now, it is time to increase our efforts in the translation of this information for preclinical and potential clinical applications. To achieve this, we must improve culture conditions and protocols for generating hPSC-derived CM subtypes that have comparable structural and functional properties to native adult human CMs. This, together with state-of-the-art bioprinting and nanotechnologies, will enable the development of organ-on-achip models that mimic the physiology and organization of the human heart in vitro. Such multidisciplinary approaches that integrate biology with technology to build a human heart in a dish will pave the way for advanced disease modeling and drug screening, ultimately contributing to progress in regenerative and personalized medicine.
